We observe photocurrents induced in single-layer graphene samples by illumination of the graphene edges with circularly polarized terahertz radiation at normal incidence. The photocurrent flows along the sample edges and forms a vortex. Its winding direction reverses by switching the light helicity from left to right handed. We demonstrate that the photocurrent stems from the sample edges, which reduce the spatial symmetry and result in an asymmetric scattering of carriers driven by the radiation electric field. The developed theory based on Boltzmann's kinetic equation is in a good agreement with the experiment. We show that the edge photocurrents can be applied for determination of the conductivity type and the momentum scattering time of the charge carriers in the graphene edge vicinity. DOI: 10.1103/PhysRevLett.107.276601 PACS numbers: 72.80.Vp, 73.50.Pz, 78.67.Wj, 81.05.ue The ''bulk'' transport properties of graphene have been studied intensively in recent years and yielded insight into the half-integer and fractional quantum Hall effect, phasecoherent effects or spin transport on the micrometer scale, to name a few examples [1, 2] . While the details of each of those effects depend crucially on the linear dispersion relation of graphene and its specific material properties, most of the transport phenomena have already been studied in other two-dimensional systems. Edge properties play an important role in transport of both graphene and other twodimensional charge carrier systems-a prominent example is edge states in the quantum Hall regime-but microscopic edge properties cannot in general directly be extracted from bulk transport experiments. To explore edges in more detail one needs, for instance, to resort to scanning tunneling [3, 4] or Raman scattering [5, 6] experiments. The latter showed, e.g., that the scattering at graphene edges depends on the edge orientation. Here we demonstrate that chiral edge currents, generated by illuminating graphene edges with circularly polarized light, give information on edge properties, i.e., the momentum relaxation time close to the edge. The effect described here is probed in graphene; we note, however, that the effect is of general nature and should be observable also in other two-dimensional charge carrier systems.
The ''bulk'' transport properties of graphene have been studied intensively in recent years and yielded insight into the half-integer and fractional quantum Hall effect, phasecoherent effects or spin transport on the micrometer scale, to name a few examples [1, 2] . While the details of each of those effects depend crucially on the linear dispersion relation of graphene and its specific material properties, most of the transport phenomena have already been studied in other two-dimensional systems. Edge properties play an important role in transport of both graphene and other twodimensional charge carrier systems-a prominent example is edge states in the quantum Hall regime-but microscopic edge properties cannot in general directly be extracted from bulk transport experiments. To explore edges in more detail one needs, for instance, to resort to scanning tunneling [3, 4] or Raman scattering [5, 6] experiments. The latter showed, e.g., that the scattering at graphene edges depends on the edge orientation. Here we demonstrate that chiral edge currents, generated by illuminating graphene edges with circularly polarized light, give information on edge properties, i.e., the momentum relaxation time close to the edge. The effect described here is probed in graphene; we note, however, that the effect is of general nature and should be observable also in other two-dimensional charge carrier systems.
In the experiments graphene is illuminated by terahertz (THz) radiation under normal incidence. In case of circularly polarized light the edge current is observed to form a vortex winding around the edges of the square-shaped samples. Its direction reverses upon switching the radiation helicity from left to right handed. Evidently, the photocurrent is caused by the local symmetry breaking at the sample edges resulting in an asymmetric scattering of carriers driven by the radiation electric field. It gives rise to a directed electric current along the sample boundary in a narrow stripe of width comparable to the mean free path. We show that the photocurrent measurements provide direct access to electron transport at the graphene edges and allow us to map the variation of scattering times along the edges.
We investigated two types of single-layer graphene samples: (i) large-area epitaxial graphene prepared by high-temperature Si sublimation of 4H and 6H polytypes of semi-insulating SiC substrates [7] [8] [9] and (ii) small area exfoliated graphene flakes [1] deposited on oxidized silicon wafers. Below, we report results on epitaxial graphene samples (labeled #1-4H, #2-4H, and #3-6H) and three samples prepared from exfoliated graphene. Hall measurements indicate that the epitaxial samples are n doped (due to charge transfer from SiC [7] ) while the exfoliated samples are p doped. The measured carrier density lies in the range ð2-7Þ Â 10 12 cm À2 , the Fermi energy E F ranges from 200 to 300 meV and the mobility is about 1000 cm 2 =V s at room temperature. Ohmic contacts were made at samples' edges (see, e.g., inset of Fig. 1 ).The resistance measured between different pairs of neighboring contacts in the large-area samples is ohmic and varies within less than 10%. Details on the material growth and characterization can be found in [10] .
The experiments on edge photocurrents are performed applying alternating electric THz fields of a high power pulsed NH 3 laser [11] [12] [13] 0031-9007=11=107(27)=276601 (5) 276601-1 Ó 2011 American Physical Society NH 3 laser generates single pulses with a duration of about 100 ns, peak power of P % 10 kW, and a repetition rate of 1 Hz. The radiation power has been controlled by the THz photon drag detector [14] . A typical spot diameter is from 1 to 3 mm. The beam has an almost Gaussian form, which is measured by a pyroelectric camera [15] . All experiments are performed at normal incidence of light and at room temperature. Elliptically and, in particular, circularly polarized radiation is obtained applying =4 quartz plates. The resulting polarization states described by the Stokes parameters [16] : S 1 , S 2 , and S 3 P circ are directly related to the angle ' between the initial linear polarization of the laser light along the y axis and the plate optical axis. The experimental geometry is shown in Figs. 1-3. The current is measured via the voltage drop across a 50 load resistor.
Illumination of the edge of unbiased large-area samples between any pair of contacts results in a photocurrent. By contrast, if the laser spot is moved toward the center the signal vanishes. The detected signal depends strongly on the radiation polarization, Fig. 1 . The principal observation is that for right-( þ ) and left-handed ( À ) polarizations, i.e., for ' ¼ 45 and 135 , the signs of the photocurrent J are opposite. The overall dependence Jð'Þ is more complex. It is well described by
and corresponds to the superposition of the Stokes parameters with different weights. The first term given by the coefficient J A is just proportional to the radiation helicity, whereas the second (J / J B ) and third (J / J C ) terms change with degree and orientation of the linear polarization. Note that the observed offset is usually smaller or comparable to J A , J B , and J C (see Fig. 1 ). In our present study we focus on the helicity driven photocurrent J A . This is the only contribution which reverses the current direction upon switching the radiation helicity from þ to À . We also note that, for circularly polarized light (P circ ¼ AE1 and S 1 ¼ S 2 ¼ 0) and ¼ 0, the current is solely determined by the first term in Eq. (1). Therefore, it would be sufficient to measure the response to circularly polarized radiation. However, to increase the accuracy, we always measured the whole polarization dependence, like the one shown in Fig. 1 , and extracted J A by fitting Eq. (1) to the data.
To prove that the photocurrent is caused by illuminating the graphene edges, we scanned the laser spot across the sample along the y axis. The signal was picked up from a pair of contacts at the sample top and bottom edges aligned along the x axis. The experimental geometry and the photocurrent J A versus the spot position are shown in Fig. 2 . The current reaches its maximum for the laser spot centered at the edge and rapidly decays with the spot moving. Comparison of J A ðyÞ with the independently recorded laser profile (dotted line) shows that the signal just follows the Gaussian intensity profile. This observation unambiguously demonstrates that the photocurrent is caused by illuminating the sample edges. Moreover, FIG. 1 (color) . Photocurrent in sample #1-4H as a function of the angle ' defining the light polarization. Solid line is a fit to Eq. (1) [see also Eq. (7) and discussion]. The inset shows the experimental geometry. The ellipses on top illustrate the polarization states for various '.
FIG. 2 (color)
. Photocurrent J A in sample #1-4H as a function of the laser spot position. The laser spot is scanned along y and the current is picked up from two contact pairs at the top (red circles) or bottom (blue full circles) sample edges aligned along x (see inset). Dashed lines represent the laser beam spatial distribution, which is measured by a pyroelectric camera, scaled to the current maximum. The bottom inset shows the scan for sample #3-6H. Fig. 2 
The above results show that the current direction at a specific edge depends on the light helicity. To check this in more detail, we investigated currents excited by circularly polarized radiation for different pairs of contacts. Here, the laser spot is always centered between the contacts; see Fig. 3(a) . The current direction for þ (red arrows) and À (blue arrows) circularly polarized radiation and the magnitude of J A for various contact pairs are shown in Figs. 3(c) and 3(d) . The figures document a remarkable behavior of the circular edge photocurrent: it forms a vortex winding around the edges of the square-shaped samples which reverses its direction upon switching from right-to left-handed. These dependencies are observed for all used wavelengths and samples. Helicity driven currents have also been observed for small area graphene flakes; see [10] for details. The origin of the vortex and the different photocurrent strength at different edges is discussed below.
The observation that a photocurrent occurs only if the laser spot is adjusted to an edge agrees with the symmetry analysis: In the ideal honeycomb lattice of graphene and for our experimental geometry, any photoelectric effect is forbidden [17] , because the two-dimensional structure of graphene possesses a center of space inversion. Thus, the appearance of photocurrents at normal incidence of radiation is a clear manifestation of the symmetry reduction of the system, in our case, due to the edges. We also note that the typical photon energy @! $ 10 meV used in experiment is much smaller than the characteristic energy of carriers E F $ 100 meV. Thus, the mechanism of current formation can be treated classically and should involve the action of the light's electric field on free carriers in the vicinity of a graphene edge.
A microscopic process actuating the edge photocurrent generation is illustrated in Fig. 3(b) . It involves the time dependent motion of carriers under the action of the electric field of circularly polarized radiation and scattering at the sample edge. We note that this mechanism is similar to that of the surface photogalvanic effect observed in bulk materials [18, 19] . The microscopic theory of edge currents is developed in the framework of the Boltzmann kinetic equation. In this approach, the electron (hole) distribution is described by the function fðp; x; tÞ. It depends on the carrier momentum p, coordinate x (x ! 0 for a semiinfinite layer), time t, and obeys the equation
where EðtÞ ¼ E 0 e Ài!t þ E Ã 0 e þi!t is the electric field of the radiation, v ¼ vp=p is the electron velocity, v % 10 6 m=s is the effective speed, q is the carrier charge (q ¼ þjej for holes and Àjej for electrons), and Qffg is the collision integral. The distribution function can be expanded in series of powers of the electric field, fðp;x;tÞ ¼ f 0 ð" p Þ þ ½f 1 ðp;xÞe Ài!t þ c:c: þ f 2 ðp;xÞ þ ...;
where f 0 ð" p Þ is the equilibrium distribution function with " p ¼ vp being the electron energy, f 1 / jEj, and f 2 / jEj 2 . The first order in E correction to the distribution function oscillates with frequency ! and does not contribute to a dc current. The directed electric current along the structure edge is, therefore, determined by the second order E-field correction f 2 and given by
The factor 4 accounts for the spin and valley degeneracy. We solve Eq. (2) and calculate the current, Eq. (4), for the simple form of the collision integral, The electric field of circularly polarized radiation rotates clockwise or counterclockwise resulting in a circular motion of carriers, which is sketched by red and blue trajectories, respectively. Our theoretical model, see Eq. (7), shows that the circular edge current stems from carriers moving towards the edge. It is due to the second order E-field correction to the distribution function and involves the retardation of the electron motion with respect to the instantaneous electric field. Switching the radiation helicity reverses the motion direction and, consequently, the electric current. (c) and (d) photocurrent topology. Red and blue arrows show the current direction for þ and À polarizations, respectively, at f ¼ 2 THz. Numbers indicate the photocurrent amplitude J A in microampers.
with being the scattering time, and the boundary condition at x ¼ 0, fðp x > 0; p y ; 0; tÞ
corresponding to diffusive scattering. In the case of a degenerate gas, the edge current takes the form (see [10] for details):
The helicity driven current is given by the first term because i½E 0 Â E Ã 0 z ÀP circ for our geometry where the light propagates along Àz. The second term yields the current caused by linearly polarized radiation and vanishes for circular polarization. In the case of elliptically polarized light, E 0;x E Ã 0;y þ E 0;y E Ã 0;x / ð1=2Þ sin4' ¼ S 2 . Both contributions are clearly detected in the experiment and correspond to the first ( / J A ) and second (/ J B ) terms in the empirical Eq. (1); see Fig. 1 .
The helicity-dependent photocurrent described by Eq. (7) vanishes for zero frequency, has a maximum at ! ' 0:6 and decreases rapidly at higher frequencies. Exactly this behavior is found in experiment (see inset of Fig. 4 ) as we explain in more detail below. The only free parameter in Eq. (7) is the scattering time . Corresponding data are shown in Fig. 4 where the photocurrent values measured at 2 THz for each of the contact pairs are plotted. These data points are first compared to calculated traces of J A employing Eq. (7). Solid lines are calculated using the bulk values for the time extracted from resistivity and carrier density for samples #1-4H ( ¼ 2:8 Â 10 À14 s) and #2-4H ( ¼ 2:0 Â 10 À14 s). The bulk scattering times used in Eq. (7) give for some of the contact pairs already perfect quantitative agreement. For other edge segments the current deviates significantly. This is a consequence of the strongly nonlinear dependence of J A on . Varying by only AE15% changes the current by AE50%. By fitting the photocurrent J A we can extract the local scattering time for every edge segment shown in Figs. 3(c) and 3(d) . The best fits are shown by dashed lines in Fig. 4 and constitute a map of scattering times along the edge. Scattering times smaller/larger than the average bulk scattering time most likely reflect fluctuations of the local scattering time and hence inhomogeneities in the distribution of scatterers. The average value of the circular edge current scales with the sample mobility. To check the frequency dependence predicted by Eq. (7) we show in the inset of Fig. 4 J A vs ! for one edge segment using the extracted . The data points are perfectly described by Eq. (7) and confirm the model.
While the magnitude of the circular edge photocurrent agrees well with theory, the expected polarity of J A for n-type graphene is opposite to the one observed. This, at first glance, surprising result agrees with results from spatially resolved Raman measurements indicating an enhanced density of p-type carriers at graphene edges [5, 6] . This explains the sign of the photocurrent, which is generated in a narrow edge channel comparable to the mean free path (% 10-20 nm) and has opposite sign for electrons and holes; see Eq. (7). Actually, the difference in the conductivity type can be also understood from the details of the sample fabrication. It is well established that epitaxial graphene on SiC(0001) is n-doped due to charge transfer from the interfacial buffer layer (see, e.g., [7, 8] ), while so-called quasi-freestanding graphene, lacking such buffer layer and sitting on a hydrogen terminated SiC(0001) surface, is p doped [20] . Therefore, it is reasonable that the edges of epitaxial graphene, exposed to the SiC substrate without the interfacial layer, can be p doped. This assumption is corroborated by similar reports on the transition from n to p type of doping at the edges of graphene flakes on SiO 2 , which were attributed to the difference in the work functions of graphene and the substrate [21] .
To summarize, our observations clearly demonstrate that illuminating monolayer graphene edges with polarized terahertz radiation at normal incidence results in a dc edge current. The effect is directly coupled to electron scattering at the graphene edge and vanishes in bulk graphene. While the effect should exist in any twodimensional charge carrier system the specific properties 
